Although amino acid flux models have been developed in fish and other crustaceans, this is the first study to present an amino acid flux model for crabs. This study investigates the influence of different feeds and the deprivation of food on the free amino acid (FAA) pool, the rate of protein turnover and their relation to the growth and flux of amino acids in the shore crab Carcinus maenas. A model was developed for amino acid flux describing food consumption rates, assimilation rates, protein synthesis rates, growth and protein degradation, and losses. Crabs were fed frozen mussel (Mytilus edulis) tissue (Diet 1) or (fresh) white muscle from salmon (Salmo salar) (Diet 2) at 7% of their body weight per day while other crabs were starved for ten days. In the starved crabs, the amino acids partitioned into protein synthesis made up 36% of the free amino acid pool. There was a 50% reduction in the rate of protein synthesis in the starved crabs compared with the fed crabs. It was estimated that daily dietary amino acid intake might compose up to seven times the crabs' FAA pool. In addition, daily protein synthesis and degradation might respectively remove and return the equivalent of up to 4 times and twice the size of the FAA pool in the fed crabs, respectively. Specimens of C. maenas deposited in body proteins (as net growth) 14% in diet 1 and 40% in diet 2 of their amino acid consumption. The amino acid flux in the fed crabs suggested low protein conversion efficiency compared to other decapod crustaceans, including shrimps and lobsters.
INTRODUCTION
Many crustaceans are commercially important species because they are good sources of high quality protein, minerals, and polyunsaturated fatty acids. They are also excellent study species for physiological research, with abundant differences in biochemistry and nutritional physiology. In recent years, the need to understand and control growth mechanisms in crustaceans has been stimulated by increasing interest in the aquaculture of shrimps, lobsters, and crabs. Shrimp farming has been extensively studied, including the processes of brood stocking, the hatching of larvae, and the growing of juveniles. In recent decades, interest in crab culture has increased. Potential crab species for aquaculture are the mud crab, Scylla serrata (Forskål, 1755) , the mitten crab, Eriocheir sinensis (H. Milne Edwards, 1853), the blue swimming crab, Portunus pelagicus (Linnaeus, 1758) , the blue crab, Callinectes sapidus (Rathbun, 1896) , the spider crab, Maja brachydactyla Balss, 1922 , and the edible crab, Cancer pagurus Linnaeus, 1758 (Zmora et al., 2005 Woll et al., 2006; Holme et al., 2007; Castine et al., 2008) . Decreasing natural production has also aroused much interest in the development of hatchery techniques for crab species (Wickins and Lee, 2002) . Crabs of M. brachydactyla have been recently identified as a potential species for aquaculture due to their high fecundity and rapid larval development (Andrès et al., 2007 (Andrès et al., , 2008 . Various aspects of M. brachydactyla growth and reproduction have been studied both in the wild and under laboratory conditions (Sampedro et al., 2003; Guerao and Rotllant, 2008) .
Carcinus maenas (Linnaeus, 1758 ) is a common, shore, intertidal crab found on muddy and rocky shores, in fjords and in the estuaries of the Atlantic coast of western Europe (Crothers, 1967a) ; it is omnivorous, with a broad diet that includes mussels (Mytilus edulis) and clams (Mya arenaria), gastropods, barnacles, amphipods, crabs, and algae (Elner, 1981) . In Europe, the shore crab has long been used for food, with annual landings estimates of 200-250 m tons in 1990 200-250 m tons in (FAO, 1992 . Due to their small size and the difficulty of meat removal, they have not been targeted extensively by the crab-picking industry, although their relative ease of capture and abundance make them a potential resource for fishery exploitation (Skonberg and Perkins, 2002) .
Crustacean growth is almost continuous but can only be expressed at ecdysis, the moult, when the exoskeleton is shed. Growth is characterised by frequent moulting and moult size increment (Hartnoll, 2001 ). Hartnoll's review of crustacean growth covered four aspects: 1) the hormonal control of moulting, 2) the effects of external factors, 3) the patterns of growth, and 4) and the determination of age. He concluded that despite the development of modelling approaches and an increased body of data our understanding of the underlying principle of the diversity of crustacean growth patterns remains speculative. The adaptive value of the great diversity of growth patterns in crustaceans is not adequately explained and further JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 643-650, 2010 research is needed beyond the descriptive phase. An improved feeding regime may help increase feed availability in crabs reared in tanks and a feed with a good nutritional profile may increase moulting frequency and growth (Tacon, 1996) . The understanding of crustacean nutritional requirements has increased over the last few decades, but many gaps remain (Anger, 2001) .
Protein metabolism is fundamental to the growth of all animals and an understanding of this process is therefore essential for all species. Research that examines the relationship between diet quality and efficient food conversion to maximise protein deposition and growth performance of efficiently cultured animals is required. The number of studies concerning aquatic invertebrates and protein metabolism is limited, but a growing body of research on diverse species promises to reveal important differences and similarities across varied species (Mente et al., 2001 (Mente et al., , 2002 (Mente et al., , 2003 Mente, 2003; Fraser and Rogers, 2007) . Previous work on fish by Houlihan et al. (1995a, c) has shown the importance of relating individual rates of protein synthesis and growth to consumption rates in order to obtain meaningful measurements of physiological performance and food conversion efficiency. Houlihan et al. (1989) reported that increasing ration size in Atlantic cod (Gadus morhua) resulted in increased growth rates attributable to increased protein synthesis rates and to a lesser extent to degradation. However, the relationship between feed intake and protein metabolism (protein synthesis, growth performance, food conversion efficiency) has not been studied in crabs.
Starvation studies reveal how energy resources are utilised by crustaceans under extreme conditions and provide evidence of biochemical pathways involved in these processes. Starvation inhibits growth and moulting in crustaceans (Sánchez-Paz et al., 2006) . One week of starvation caused a 40% reduction in oxygen consumption rates in C. maenas, as reported by Wallace (1972 Wallace ( , 1973 . The same studies reported that oxygen consumption rates remained steady from the second to the third week and then fell by a further 20%. A reduction in energy demand after the last meal caused the initial drop in metabolism and the plateau that followed was caused by the utilisation of carbohydrates by the crab. Three weeks of starvation of C. maenas suppressed its metabolism but caused no significant weight loss (Marsden et al., 1973) . Starvation in C. maenas caused a reduction in oxygen consumption rates due to a reduction in protein synthesis rates (Houlihan et al., 1990) .
The role of free amino acids has been studied in fish as a means of estimating the value of various diets as sources of digestible protein (Walton, 1985; Wilson and Poe, 1985; Carter et al., 1995) . In crustaceans, free amino acids play an important role as intracellular osmotic effectors (Gilles and Pequeux, 1983; Bishop and Burton, 1993; McNamara et al., 2004; Intanai et al., 2009) . In crustacean muscle, proline, glycine, and arginine appear to be more concentrated than glutamate, alanine, and aspartic acid (Schoffniels and Gilles, 1970) . In addition to the considerable variations, which exist in the same tissues belonging to several different species, there is often quite a different distribution of free amino acids in different tissues from the same species. Thus, in Homarus gammarus (Linnaeus, 1758) and Astacus fluviatilis Fabricius, 1775 proline, glycine, and arginine are highly concentrated in muscle while aspartic acid is the most important amino acid in the nerve (Schoffniels and Gilles, 1970) .
The aims of this study were to calculate an amino acid flux model in fed and starved crabs in order to highlight differences between crabs and other decapod crustaceans (shrimps and lobsters) in the way they use their free amino acid pool for protein turnover. Furthermore, comparisons of free amino acids concentrations in different tissues and in several crustacean species are made.
MATERIAL AND METHODS

Data Collection
Thirty green crabs (C. maenas) in the intermoult stage (48 6 1.01 mm carapace width) were placed in individual plastic containers (15 3 9 3 10 cm) with a mesh floor to allow for water exchange. The containers were held in tanks with a water volume of 80 L (further details in Mente, 2003) . Five crabs were selected as an initial control, sacrificed, weighed and frozen at 270uC until analysed. Twenty crabs were provided with the two diets at 7% of their respective body weights. Two diets were used in this study: Diet 1, frozen Mytilus edulis tissue; and Diet 2, fresh white Salmo salar muscle. Food consumption was measured by collecting the uneaten food every day (further details in Mente, 2003) . The protein content for Diet 1 was 40%, the lipid content 1.2% and the moisture content 81%. For Diet 2, protein content was 61%, the lipid content 9% and the moisture content 77%. Ten of the crabs were starved for seven days to reach the marked fall in their metabolic rate. At the end of the experiment (after 10 days) the other crabs were starved for 24 h to allow the effects of the last meal to pass before the final weighing (Wallace, 1973) . We measured protein content (mg/g wet weight) using the method of Lowry et al. (1951) as modified by Schacterle and Pollock (1973) following alkaline hydrolysis (0.3M NAOH for 1 h at 37uC) using Bovine Serum Albumin solution (BSA) as a standard (0 to 250 mg BSA/mL). We extracted total lipids according to the method of Folch et al. (1957) as modified by Ways and Hanahan (1964) . The amino acid composition of the diets is presented in Table 1 .
The amino acid composition of the crabs' whole body FAA pool was measured using the method given in Mente et al. (2002) . Briefly, two 100 mg samples taken from the whole bodies were homogenised in 4 ml absolute ethanol plus 100 mL of 2.5 mmoL/mL aqueous norleucine (internal standard). The homogenate was centrifuged at 6000 rpm for 10 min to pellet the precipitated proteins. Duplicate samples of the supernatant were then taken to measure the FAA pool composition. A sub sample of 100 mL was dried down under vacuum and reconstituted in 100 mL 0.1 M HCL, then filtered. Five mL were used for AA analysis with an Applied Biosystems 420A amino acid analyser (Davidson, 2003) . Unfortunately, cysteine was only 20-30% recoverable using this method and therefore was not quantified. Whole-body specific growth rates (SGR, %/day) were calculated for the experimental period (Mente, 2003) , weight-specific growth rate (SGR) plotted against food consumption, and least square linear regression used to investigate the relationship between daily rates of weight-specific food consumption (C) and growth (SGR). For each crab, individual food consumption was expressed on a weight-specific basis as mg dry food/g wet wt/day (Jobling et al., 1989) . Whole-body fractional rates of protein synthesis were measured using the flooding dose method of Garlick et al. (1980) . Protein synthesis rates were measured in six crabs in the intermoult stage (Crothers, 1967b) randomly selected from the two diets and three crabs from the starvation group. Injections of a solution containing 135 mM L-phenylalanine and L [22, H] phenylalanine (Amersham International, 3.7Mbq/mL, 100 mCi/mL) were made into the blood sinus at the base of the third walking leg without anaesthesia in crabs starved for 24 h prior to injection (Mente, 2003; Mente et al., 2003) . Crabs were injected at a dose of 1 mL/100g wet weight, and doses were administered using a 1ml syringe. After the incorporation period, the crabs were removed, sacrificed, dissected and immediately frozen in liquid nitrogen for storage at 280uC until subsequent analysis. The fractional rate of protein synthesis (k s ), (the percentage of the protein mass synthesised per day) was calculated using an equation obtained from Garlick et al. (1983) . Daily food consumption was calculated as in Mente (2003) .
In order to present a metabolic model for protein and AA metabolism for the two diets and the starved group, the model adapted by Houlihan et al. (1995a) from Millward and Rivers (1988) was used. The models used here describe the AA flux for a 29 g C. maenas crab starved and offered the experimental diets at a consumption rate of 4% of their body weight. The assimilation efficiencies were assumed to be 44% (Breteler, 1975) . A protein equivalent of amino acid nitrogen was calculated assuming that there are 9 mmol of AA per gram protein (Houlihan et al., 1995c) . Faecal AA losses were calculated as consumption minus absorption. The total free amino acid and protein concentrations were taken from direct measurements of whole-body tissues of both diets and of the starvation group. Data of the fractional rates of protein synthesis, protein growth and protein breakdown obtained from previous results were used to calculate the respective flux components.
Statistical Analysis
The relationship between consumption and growth was examined using least-square linear regression. Statistical comparisons between the groups were made using analysis of variance (ANOVA). Where ANOVA indicated a significant difference, a Tukey multiple comparison test was used to identify which means were significantly different from one another. Pearson's correlation coefficients between consumption and growth rate were calculated by the method of Zar (1996) . The varianceratio test was used to examine any differences in the ranges of values between groups.
RESULTS
During the experimental period, one crab in the group fed Diet 1 died during moult. The average rate of weight loss for the starved crabs was 20.28 6 0.09%/day (n 5 5). By the end of the experiment, the specific growth rates of the crabs fed a 7% BW/day ration of Diet 2 were significantly higher (0.97 6 0.02) than the specific growth rates of the crabs fed a 7%BW/day ration (0.42 6 0.03) of Diet 1 (P , 0.05) (Mente, 2003) . All specific growth rates of the crabs fed the two diets were significantly different from the specific growth rates of the starved crabs (P , 0.0001). The coefficient of variation of inter-individual crabs (CV SGR ) showed that the higher the availability of food, the more even was the distribution of growth rates (Mente, 2003) . The mean fractional rate of protein synthesis in the starved crabs was 0.57 6 0.04% per day and showed little variation with increasing weight loss, indicating that protein synthesis was at maintenance levels. We plotted (Fig. 1 ) the relationships between average consumption (mg food/g wet weight/day) and specific growth rates (%/day) for both diets and in different rations (further details in Mente, 2003) . There was a highly significant correlation between specific consumption and specific growth rate in crabs fed Diet 1 (ration 7% BW/day r 5 0.42, P , 0.003) but no significant correlation for Diet 2.
The amino acid profile of the mussel diet (Table 1) showed that there are high levels of glycine, praline, and taurine, which were also found in high levels in C. maenas. The daily amino acid fluxes for the starved C. maenas and crabs fed either Diet 1 or Diet 2 are shown in Fig. 2 , respectively. In the unfed crabs, over 62% of the protein degradation was recycled back into the protein pool via synthesis. Amino acids partitioned into protein synthesis represented 36% of the FAA pool and indicated a continuous protein turnover. Protein degradation synthesis maintained the size of the FAA pool in starved crabs. Amino acid recycling in starved crabs was 13% derived from protein degradation, indicating an important metabolic energy source. There was a reduction of 50% in protein synthesis in the starved crabs compared to the fed crabs. The two fed groups consumed a total of 0.42 mmol (AA equivalents) of Diet 1 and 0.20 mmol of Diet 2. The amount of AA that could be partitioned into protein synthesis was 24% and 65% of the consumed AA for Diets Fig. 1 . Scatter plots showing the relationships between the mean weightspecific consumption rate (mg food/g wet weight/day) and specific growth rate (%/day) for individual crabs C. maenas fed diet 1 (a) and diet 2 (b) in 3 ratios (1% BW/day, 3% BW/day and 7% BW/day). 1 and 2, respectively. Of the total free FAA pool, 19-24% was partitioned into protein synthesis in the two groups. The amount of recycled AAs derived from protein degradation of the protein pool was estimated to be 7% and 8% for Diets 1 and 2, respectively. The nitrogenous products excreted from the FAA pool in the Diet 2 group were calculated to be 40%, ten times higher than for Diet 1. The FAA pool was calculated as 4% of the protein pool. Of their AA consumption in body proteins, C. maenas deposited (as net growth) 14% for Diet 1 and 40% for Diet 2.
DISCUSSION
One of the most important factors influencing the metabolism of animals is the amount of available food. The value of studying individual food consumption and inter and intra-individual variation in food consumption and growth is of paramount importance because it helps further understanding of the physiological relationship between individual food consumption and growth (Houlihan, 1991) . Daily variation in food intake is a natural feature due to a combination of endogenous and exogenous influences on appetite (Fletcher, 1984; McCarthy et al., 1993) . This variability can be quantified from weightspecific consumption data using the coefficient of variation in consumption (McCarthy et al., 1992) . In crustaceans, food intake has been measured using X-ray, gravimetric, and inert marker techniques, (Ahvenharju and Ruohonen, 2005) . The food intake of the prawn, Marsupenaeus japonicus (Bate, 1888) , has been measured using a double marker method where animals were given cholestane and long-chain hydrocarbons (Teshima et al., 2000) . The amount eaten was calculated by the weight ratio of these markers in faeces. In studies of crustacean digestive physiology, a serial slaughter method, gravimetric and inert marker techniques, and radiography have also been tested (McGaw and Reiber, 2000; Thomas et al., 2002; Ahvenharju and Ruohonen, 2005) . Previous work has shown that, given access to an excess amount of food, consumption by C. maenas increased with increasing body size (Wallace, 1973) . However, the weight specific rate of food intake was seen to be higher for small crabs than for larger crabs (Wallace, 1973) . DeGraaf and Tyrrell (2004) found that two crab species, C. maenas and the Asian shore crab Hemigrapsus sanguineus (de Haan, 1835) had similar feeding rates when they were fed a smaller size class of mussels, while H. sanguineus had significantly higher feeding rates on two larger mussel size classes. This implied that H. sanguineus might have a larger per capita impact on prey population than C. maenas. However, preference for particular food items may be a more important factor than food abundance in determining crab diets, at least in situations where the food patches are close together and small in scale (Brousseau and Baglivo, 2005) . Breteler (1975) showed that C. maenas shore crabs ate more mussels when they were small, but older animals consumed less. The results in this study showed that the specific growth rates of the crabs fed the mussels diet were significantly lower than the specific growth rates of crabs fed the fish diet. The fish diet (Diet 2) had higher protein content and its nutritional value and the quantity offered were adequate for the experimental crabs. Furthermore, the amino acid profile of the mussel diet (Table 1) showed that there are high levels of glycine, which was also found in high levels in C. maenas and this may explain that the mussel diet most nearly meets crab's amino acid requirements.
Significant results were found comparing the growth rates of the fed animals with the starved animals. It is well known that starvation causes a depression of metabolic rate (Houlihan et al., 1995a, c) . In the first two weeks of starvation, the metabolic rate of the fresh water crab, Spiralothelphusa hydroma (Herbst, 1794) , falls gradually by about 20%. For the first two weeks, glycogen is the main metabolic substrate, but if a further drop in metabolic rate occurs there is a change to lipid metabolism. During the later stages of starvation, proteins in the body are broken down. Vernberg (1959) showed that the metabolic rate drops sharply in the fiddler crab Uca pugnax (Smith, 1870) , until about the fifth day of starvation and then levels off, with minor fluctuations at about 66% of its initial value in a 21-day experiment. In the starved groups, fractional rates of protein synthesis decreased. Houlihan et al. (1988) and McMillan and Houlihan, (1988) have shown that whole body and tissue rates of protein synthesis are reduced in a variety of species during starvation. This study showed that protein synthesis rates decreased by 50% in the starvation group compared to the fed group after 10 days. Houlihan et al. (1990) showed that after feeding there is an increase in protein synthesis rate in all tissues in the shore crab within three hours.
In this study there were some notable differences in the FAA concentrations in crabs' whole-bodies. Crustaceans Fig. 2 . Amino acid flux (mmol) for a 29 g C. maenas crab starved and fed Diet 1 (mussels Mytilus edulis) and Diet 2 (salmon Salmo salar). The numbers in parentheses are the amino acid flux (mmol) for crabs fed Diet 2 (salmon). The numbers in italics are the amino acid flux (mmol) for starved crabs. The various parameters used in the model are defined in the text in the section on material and methods. have higher free amino acids (FAA) concentrations than vertebrates; it has been suggested that this is a manifestation of differing osmoregulatory needs (Claybrook, 1983) . The high levels of free arginine found in the hepatopancreas of C. maenas (D'Aniello, 1980) are most probably due to the compound arginine phosphate, which is important as an energy transformer. It is also a direct source of energy for the muscle contraction of invertebrates (Watts, 1968) . However, arginine tends to be conserved in the tail muscle of shrimps (Hird, 1986) .
High levels of arginine, glycine, proline, and alanine were found in the whole bodies of the crabs in comparison with other free amino acids (Table 2) . McCoid et al. (1984) found that in Litopenaeus vannamei (Boone, 1931) shrimps the major constituents of the FAA pool were glycine (46%), proline (21%), arginine (14%), alanine (7%), and serine/threonine (6%). Table 2 shows that in the muscle tissue of the caridean genus Palaemon glycine, arginine, proline, and alanine were the most common free amino acids and comprised 70-95% of the total content (D'Aniello, 1980; Table 2 ). Proline and aspartic acid were the FAAs that showed a decrease following a meal in shrimps, which suggests that the ability to synthesise proline may be limited (Mente et al., 2002) . Naczk et al. (2004) found the most abundant amino acid in the green crab (C. maenas) is glutamic acid followed by aspartic acid, arginine, lysine, and leucine in decreasing order. In the present study, free glycine was the most abundant amino acid followed by arginine, proline, and alanine in the whole bodies of the C. maenas. In hepatopancreas tissue, free glycine was again the most abundant amino acid followed by arginine and proline (D'Aniello, 1980) . In Callinectes sapidus, the most abundant protein bound amino acid was glycine and glutamic acid followed by aspartic acid and arginine (Kücükgülmez and Ç elik, 2008 ). Tissue's free amino acids are of greater interest in connection with protein synthesis. Protein synthesis could act as a major factor in the removal of free amino acids through protein turnover when a high proportion of the dietary amino acids are supplied by a normal-sized meal .
Protein synthesis rates have been reported in decapod crustaceans for the shore crab C. maenas (Houlihan et al., 1990; Mente, 2003; Mente et al., 2003) , the penaeid L. vannamei (Hird, 1986; Mente et al., 2002) , the tropical prawn Macrobrachium rosenbergii (De Man, 1879) (Intanai et al., 2009 ), and the European lobster H. gammarus (Mente et al., 2001 ). Many studies have demonstrated that protein synthesis rates generally decrease in starved marine organisms to a relatively constant level (reviewed by Frazer and Rogers, 2007) . It is now clear that protein synthesis rates increase in marine invertebrates at both the whole-body and tissue levels after a meal in the same manner as in fish (reviewed by Frazer and Rogers, 2007) . It also appears that the frequency with which fish and invertebrates are fed can affect both protein synthesis and degradation. The frequency of feeding affects both overall growth and protein metabolism in animals. In H. gammarus, animals fed continually on smaller rations or fed less frequently showed elevated protein synthesis and elevated degradation than with larger rations. These resulted in high turnover and reduced growth (Mente et al., 2001 ). Maximal growth rates were achieved by feeding a fairly large daily ration (10% BW/day); this faster growth was achieved by a reduction in protein degradation rather than by an elevation of protein synthesis. A similar result has also been reported in shrimps (Mente et al., 2001) . However, there is a need for further research on crustacean protein synthesis at maintenance and maximum growth levels to enhance existing knowledge of their growth rates. This is the first study that develops an amino acid flux model in crabs, although amino acid flux models have been developed for fish and other crustaceans. The AA flux models suggest low food conversion efficiency (growth/ intake) 14%-40% compared to values of between 20 and 48% found in juvenile and adult fish (Houlihan et al., 1995b) . Higher values have been reported for shrimps (55%) (Mente et al., 2002) , lobsters (33%) (Mente et al., 2001) , larval herring (63%) (Houlihan et al., 1995b) , and turbot larvae (93%) (Conceicao et al., 1997) . Higher values apply to fast-growing larval fish. The body size and the (1980) differences in temperatures may also explain the differences. Cold-water species like H. gammarus, which were kept at 19uC, had food conversion efficiencies in the range of the crabs, which were kept at 11uC. The size of the FAA pool was 4% of the protein pool for the fed crabs compared to 29% in the herring larvae and 2.3% in rainbow trout (wet weight 250 g). This means that daily dietary AA intake represents seven times the whole-body FAA pool. This implies that the arrival of ingested amino acids would have a relatively significant effect on the FAA pool. Most of the free amino acid pool will be used for protein synthesis. FAA pools remain relatively constant following a meal . Protein degradation returned into the FAA pool all its size. One third of the absorbed AA was incorporated into protein in Diet 1. It thus appears that in crabs there is a major recycling of essential amino acids if these become limited in the diet. In unfed crabs, more than 62% of the protein pool was recycled back into the protein pool via synthesis. During long periods of starvation, protein degradation is an important metabolic energy source in crabs. In unfed crabs, 13% of amino acid recycling was derived from protein degradation, indicating an important metabolic energy source. The present study suggests that low growth rates appear to involve an increase in the turnover of proteins while AA losses appear to be high. Lower protein turnover may save energy for growth (or other processes), since protein turnover is responsible for a large fraction of the energy budget (Conceição, et al., 1997) . However, high protein turnover allows the organism to respond quickly to environmental/disease stress through the synthesis of specific enzymes and other proteins.
